


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 

JUN 2 1975 . 


REPLY TO 
ATTN OF: GP 


TO: KSl/Scientific & Technical Information Division 

Attn: Miss Winnie M. Morgan 




I LO C/1 

, Ol n)h 

| I r-l CO 

! u~> u 

f'* a < n 

2! CO (M 


r~ 

\ 

o 

o 


S5 


pm 

o 

Pm 

o 

H 

E-t 

O CN 

O 

tw 


w 


cj 

« 

H 

<A 

« 


o 

O 

pC 


L) 

X 

o> 



t-4 

<C i-I 
U < 

H U 

m h a. 
X a* <n 

CL o «- 


i 


w 

— X 
*- EH C 


I 


(A 

<N 

O 

<< 


S5 

SZ 

in 

M 

— 

o 

> 


r— 

o 

4-: 

1 

X 

C, 


Gi 

O' 

O' X 

-M 

X 

H 

<d 

1 


Dj 

0) 

05 


« 

O 


nJ 

Pm 

w 

U 


e> 

1 

PS 

pC 

< 

w 

s 

A 

Eh 

H 

■C 

»-? 



I 

I 


I 


a H z 
— ' P m *e 


FROM: GP/Office of Assistant General 

Counsel for Patent Matters 

SUBJECT: Announcement of NASA-Owned U.S. patents in STAR 
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[57] ABSTRACT 

A family of physical correction filters is described. 
Each filter is designed to correct image content of a 
photographed scene of limited resolution. Each filter 
includes a first filter element with a pinhole through 
which light passes to a differential amplifier. The filter 
also includes a second filter element through which 
light passes through one or more openings, whose geo- 
metric configuration is a function of the cause of the 
resolution loss. The light, passing through the second 
filter element, is also supplied to the differential am- 
plifier whose output is used to activate an optical dis- 
play or recorder to reproduce a photograph or display 
of the scene in the original photograph or display of 
the scene in the original photograph with resolution 
which is significantly greater than that characterizing 
the original photograph. 

8 Claims, 23 Drawing Figures 
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PHYSICAL CORRECTION FILTER FOR 

IMPROVING THE OPTICAL QUALITY OF AN 
IMAGE 

ORIGIN OF INVENTION 

The invention described herein was made in the per- 
formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 
85-568 (72 Stat. 435; 42 U.S.C. 2457). 

BACKGROUND OF THE INVENTION 

1. Field of the Invention: 

The present invention relates to optical systems and, 
more particularly, to systems incorporating correction 
filters to improve optical image quality and to filters for 
such systems. 

2. Description of the Prior Art: 

Typically the physical limitations of a photographic 
system, designed to photograph a scene, result in loss 
of resolution of the image of the photographed scene. 
This is primarily due to imperfections in the lens system 
of the photographic system and/or due to its movement 
during the photographic process. Among the ways in 
which loss of resolution is presented are unsharp focus- 
ing, lateral shift which results in double exposure, ring 
smear and linear smear. 

Once a scene is photographed with a certain degree 
of loss of resolution, the sharp scene image cannot be 
reproduced unless the photographic process can be re- 
peated, which is generally expensive and in many in- 
stances, such as in space exploration, not possible. 
Many photographs which are received from space ex- 
ploration, such as by telemetry techniques, suffer from 
variable degrees of loss of resolution, thereby making 
the task of interpretating the photographs most diffi- 
cult. Often, the loss of resolution obscures the main 
features which are sought by the exploring scientists. 
Herebcfore very little if anything could be done to ob- 
tain sharp scene images from scene photographs which 
suffer from varying degrees of resolution loss. Thus, a 
need exists for a photograhic system which is capable 
of improving the optical quality of photographed im- 
ages. Alternately stated, a need exists for correction fil- 
ters which are capable of compensating for the loss of 
resolution of photographed images. 

OBJECTS AND SUMMARY OF THE INVENTION 

It is a primary object of the present invention to pro- 
vide a new improved photographic system. 

Another object is to provide an improved photo- 
graphic system in which loss of resolution of a photo- 
graphed image is at least partially corrected. 

A further object of the invention is the provision of 
a family of correction filters for improving optical qual- 
ity of a photographed image. 

Yet a further object of the present invention is to pro- 
vide a photographic system with a filter which is de- 
signed to correct at least partially for the loss of resolu- 
tion of a photographed scene. 

These and other objects of the present invention are 
achieved by providing a filter in a photographic system 
in which a scene photograph with reduced resolution is 
scanned. Light from the scanned photograph is di- 
rected to the filter which is designed, based on the par- 
ticular cause of the resolution loss. The filter includes 


a first filter element with a pinhole through which light 
passes to a differential amplifier. The filter also in- 
cludes a second filter element through which light 
passes through one or more openings whose geometric 
5 configuration is a function of the cause of the resolu- 
tion loss. The light passing through the second filter el- 
ement is also supplied to the differential amplifier 
whose output is used to activate an optical display or 
recorder to produce a photograph or display of the 
10 scene in the original photograph with resolution which 
is significantly greater than that characterizing the orig- 
inal photograph. 

The novel features of the invention are set forth with 
particularity in the appended claims. The invention will 
1 5 best be understood from the following description 
when read in conjunction with the accompanying draw- 
ings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an optical configuration of a photographic 
system; 

FIG. 2 is a chart of the transformation of a point in 
an input plane into a corresponding pattern in an image 
25 plane for four different optical systems; 

FIG. 3 is a block diagram useful in explaining the 
basic principles of the present invention; 

FIGS. 3a, 3 b, 4, 5a, 5b, Sc, Sd and 6 are diagrams use- 
ful in explaining one embodiment of the invention; 

30 FIGS. 7a, lb, 8 and 9 are diagrams useful in explain- 
ing a second embodiment of the invention; 

FIGS. 10a, 10b, 11 and 12 are diagrams useful in ex- 
plaining a third embodiment of the invention; and 

FIGS. 13a, 13b, 14 and 15 are diagrams useful in ex- 
35 plaining a fourth embodiment of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Before proceeding to describe specific embodiments 
40 of the present invention the basic analysis and princi- 
ples underlying the present invention will first be pres- 
ented. A photographic system may be characterized be 
a modulation transfer function (MTF) which is the 
Fourier transform of the system response to a unit im- 
45 pulse of light. Under ideal situations, the output picture 
is identical, to the photographed scene and therefore, 
the MTF is equal to unity for all frequencies. However, 
as previously mentioned, physical limitations of the 
photographic system result in loss of resolution thereby 
50 producing a picture which is not identical to the photo- 
graphed scene. In other words, the MTF of the system 
is not equal to unity for all frequencies. 

Briefly stated, in accordance with this invention the 
light from the photograph is passed through a correc- 
55 tive filter whose transfer function together with that of 
the MTF of the photographic system are equal or ap- 
proach unity, thereby correcting for the resolution loss. 
Hereafter, the MTFs for photographic systems charac- 
terized by defocusing. lateral shift with double expo- 
60 sure, ring smear and linear smear will be derived as well 
as the transfer functions and the features of the filters 
required for correcting such systems. It should be ap- 
preciated that based on the teachings to be desribed 
hereafter in detail, the manner of deriving the transfer 
function and features of a filter needed to correct for 
loss of resolution of any system whose MTF is derivable 
will become apparent. Thus, the invention is not in- 
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tended to be limited to the specific examples which will 
be detailed. 

As an introduction to the teachings of the present in- 
vention, attention is directed to FIG. 1 which is a sim- 
ple optical configuration of a photographic system. 5 
Consider a two-dimensional scene located in the input 
plane 10 of FIG. 1. It can be described by the distribu- 
tion of its luminous energy b(x, y). By means of a lens 
system 12 this scene is imaged onto an image plane 14 
where its luminous energy distribution may be de- 10 
scribed by the intensity function p(x , y). The scene and 
the image can then be related by the expression 


p(x, y) 


-JTX 


6(x', y')-h{x—x', y—y’)dx'dy', 


( 1 ) 


15 


where h(x, y) is the response of the lens system 12 to 
a unit impulse of light which characterizes the behavior 
of the system completely. The Fourier transform of 
h(x, y) is often referred to as the MTF of the system. 

By transforming the two-dimensional spatial distribu- 
tion function into the two-dimensional spatial fre- 
quency domain using the relation 
F[b{x, y)] = B(u x o>y) 



b(x, y) ex p [-2irj(u.x+u,y)]dxdy, 


20 


25 


the spatial frequency spectrum of the intensity distribu- 
tion, b(x,y), can be obtained. 

Similarly, the Fourier transform of the impulse re- 30 
sponse (MTF) is 


H («„ 


“H-X 


h(x, y) ex p [ - 2irj(a x x + w y y) ] dxdy . 

(3) 


35 


Thus, as in the one dimensional case, the transforma- 
tion of the convolution or equation ( 1 ) reduces to a 
multiplication P( (Oj.,ta u ) = B(o) x ,(o u )H(o)j..oj u ). <4> 


For this application equation ( 1 ) and (4) are equiva- 4U 
lent, but under given conditions one or the other of 
them may be more convenient. If a scene is passed 
through only one system, the output picture can be ob- 
tained using equation ( 1 ) by a single integration, 
whereas equation (4) requires two integrations for the 45 
calculation of Fourier transforms. On the other hand, 
if the scene passes through several systems, the use of 
equation ( 1 ) requires a separate integration for each 
system while equation (4) permits the several systems 
to be included by a simple multiplication of their sys- 
tem functions, and there remain only two integrations 
to be performed: the Fourier transformation of the 
input, and the inverse Fourier transformation of the 
final output. Furthermore, analysis in the spatial fre- 
quency domain has other advantages well known from 
the frequency analysis of an electrical network. 

To calculate the modulation transfer functions for 
the various optical systems, consider the intensity dis- 
tribution p(x,y) on the image plane produced from a 6Q 
point source of light, B„8(x,y) which will be defined 
hereafter in the input plane. The modulation transfer 
function and the normalized modulation transfer func- 
tion are defined as 


H(01 x , Ctfy) = 


J co /» co 

p(x, i/) exp [ —2irj(a x x+u y y)]dxdy 

-a> J — m 


65 


IK 


( 5 ) 


and H u (Xj.,w u ) = A/(to^,£o u )///(ajy= 0, o>„ = 0) (6) 

respectively, where the denominator of equation (6) 
normalizes the transfer function to unity at zero fre- 
quency. By using equations (5) and (6), the modula- 
tion transfer functions and the normalized modulations 
transfer functions for systems with resolution loss may 
be derived. Hereafter these equations will be used to 
derive the MTFs and the normalized MTFs for the de- 
focused, laterally shifted, ring smearing and linear 
smearing optical systems. FIG. 2 shows the transforma- 
tion of a point source in the input plane into the appro- 
priate pattern in the image plane, for these four optical 
systems. 

The question that comes to mind at this point is what 
kind of a correction filter is needed to compensate for 
an optical system whose normalized MTF is not equal 
to unity for all frequencies (that is, the output picture 
is identical to the scene). To obtain such a correction 
filter, consider the system representation shown in FIG. 
3. If a scene is described by its light intensity function 
h(x,y), then the photographic system with impulse re- 
sponse function h(x,y) acts upon b(x,y), all x and all y, 
obtaining the received picture p(x,y) as herebefore de- 
scribed. 


p(x, y)=J_ o; J_ o 


b(x', y')h(x — x', y — y')dx'dy' , 


(7) 


or in spatial frequency domain 

P(<D X ,< 1 )„) = fl(ca r ,a>„) • //( av,(a„) , 


( 8 ) 


where B(qj x ,cu u ), H(oj x ,oj u ) and P(ca x ,ai„) are the Fou- 
rier transforms corresponding to the scene, photo- 
graphic system and received picture, respectively. By a 
similar analysis, a filter f(x,y) to improve the received 
picture by convolution gives the improved picture 

J co co 

p(x', y')f (z — s', y— y')dx'dy', 

— 00 J — co 

(9) 

whose Fourier transform is 


R{o) x , oj„) = P( ov.iaj co„), 


( 10) 


where F{ o>j.,ca„) is the Fourier transform of the filter. 
Ideally, the improved picture should be identical to the 
scene; hence, their Fourier transform should be identi- 
cal; i.e., from equations (8) and (10), 

B( oij-.tu^) = B( aij.,a>„) H(<o x ,o) u ) ■ / r (cu,.,a> u ). 

(ll) 


Thus, 


F(tOj.,oj„) = l/H{ (Oj-,(u u ) . 

( 12 ) 

It is thus seen from equation (12) that the Fourier 
transform of the filter is the reciprocal of the Fourier 
transform of the photographic system with the limited 
resolution. Thus, if the latter is known or derivable, the 
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Fourier transform of the filter can be obtained. There- 
from, »the features of the filter can be determined. 
Hereafter, under separate headings the MTFs and the 
correction filters for defocused, laterially shifted, ring 
smearing and linear smearing optical systems will be 
derived. 


or 

U7,(.r)]' = x7„U). 

5 (19) 

Therefore, 


DEFOCUSED MODULATION TRANSFER 
FUNCTION 

AND CORRECTION FILTER 10 

Attention is first directed to FIG. 3 a which is an opti- 
cal configuration of a defocused or unsharply focused 
optical system. The system representation is shown in 
FIG. 3>b. Therein a point source 15 at the input plane 
10 is assumed to be imaged by means of the lens system 1 5 
12 in the image plane 14 which, however, is not located 
in the focal plane 16. For the analysis of a perfect circu- 
lar lens, the point source 15 will then be imaged in form 
of a blur circle 18. This point source 15 can be de- 
scribed as 20 


where 


and 


b(x,y) = S„8(. t,y) 


8(x,y) = 0 for x- + y- = 0 


< 13) 

25 



x,y)dxdy = 1. 


30 


If its blurred image assumes a uniform intensity distri- 
bution, and since for a lossless system the light power 
is conserved, then from FIG. 3a we have 


p(x,y) 


IS°(u ) 2fora:2 + ,/ - ro2 


.0 outside the circle 


(14) 

40 


where r„ is the radius of the blurred circle 18, B„ is in 
lumens per unit solid angle, p(x,y) is in lumens per 
square meter, u is the object distance, v is the image 
distance and a is the defocal length. To evaluate the 
Fourier transform of the intensity distribution we ob- 
serve the circular symmetry of the configuration and 
note that for such a case the two-dimensional Fourier 
transform reduces to a Hankel transform. Hence, 


P( u„%) = 2 ttJ^ r a( r ) Jt>(2npr)dr 


50 


(15) 


where g(r) = p(x,y) in polar coordinate, r 1 = x' 2 + y 2 , p- 
= a >/ + <u„- and 7„ is the Bessel function of the zero or- 
der. Furthermore, it can be shown that 


P( oij-.co,,) = G(p) 

where G(p ) is in polar coordinates. 

From the recurrence relationships 

(d/dx) 7„(.r) = J„-,(x) - (nix) J„(x) 

for n— | , we have 

J'i (x) = 7«(jr) ~[J x (x)!x] 


(16) 

60 


(17) 

65 



z7 0 (z)cte=Zo7,(zo). 


( 20 ) 


Thus from equation (14) and equation (15) becomes 


rr o 

G(p)= 2r| p a rJo(2irpr)dr, 


( 21 ) 


where P„ = ( BJa ■) (v/u)-. By letting jc = 2rrpr, we ob- 
tain 


G(p) 




2rpTo X 
2ir p 2 


J 0 (x)dx 


( 22 ) 


or 


G(p) = ( P,/Jp ) 7,( 2npr (< ). 

(23) 

By inspection of FIG. 3a, rja = L/v. Therefore, equa- 
tion (23) becomes 

G(p) = 2 ttB u (L/u)- [J x (2Trpr„)l2trpr„]. 

(24) 

Thus, the response transfer function to a point source 
B„8(x,y) in the image plane of FIG. 3a is described by 
equation (24) and 

H'(p) = 2t t(L/u) 2 [7 1 (27rpr 0 )/27rpr„] 

(25) 

is the modulation transfer function of a defocused opti- 
cal system. By applying equation (6), the normalized 
modulation transfer function of a defocused optical 
system is seen to be 

H„'(p) = [27,(27rpr„)]/277pr„. 

(26) 

The plot of the modulation transfer function is shown 
in FIG. 4. Note that in the case of coherent light the 
transfer function goes negative, whereas with incoher- 
ent light, which is the common case, the phase informa- 
tion is lost and only the intensity information is detect- 
able. The modulation transfer function indicated re- 
flects the physical characteristics of a lowpass filter. As 
a result, high spatial frequency information, i.e., fine 
detail of the image, gets attenuated. It should also be 
noted that the zeros of the response depend on the 
defocal distance a, and a is directly proportional to the 
radius of the blurred circle r„. 

As previously discussed and expressed in equation 
(12), the Fourier transform of a filter needed to correct 
for an optical system with limited resolution is the re- 
ciprocal of the system’s MTF. Thus, in the present ex- 
ample to correct for the defocused system whose Fou- 
rier transform is expressed in equation (25), a filter 
whose Fourier transform is a reciprocal of H'(p) is re- 
quired. Such Fourier transform may be expressed as 

F,,i(p ) = [ 2lr poroJ [7 , (2^pr 0 ) 


(IS) 


(27) 



3,883,436 


7 


8 


where l\, = (BJa 1 ) (m/v) 2 . 

The problem now reduces to the synthesis of a filter 
having such a Fourier transform. Note that the transfer 
function of a circular aperture of radius r' can be 
shown to be 

Go(p) = \K H J l (2irr'p)]/2nr'p 

( 28 ) 

where K„ = t2-nP a (r'Y , r' is the radius of the circular 
aperture, t is the value of transmission (t<I ) and P n is 
defined in equation (21). 

A pinhole can be considered as an impulse function 
and its transfer function is a constant, and can be ex- 
pressed as 

G,(p ) = c„K n 

( 29 ) 

where c„ is a constant, greater than unity by construc- 
tion. Thus by subtracting the light passing through the 
circular aperture from that passing through the pin- 
hole, a filter is produced whose transfer function may 
be expressed as 


and 36 which form the filter 40 of the present inven- 
tion. 

Element 35 defines a pinhole 41 through which the 
light passes to a photosensor 42, whose electrical out- 
5 put is supplied to one input of a differential amplifier 
44. Element 36 defines a circular aperture 45 through 
which light passes to a photosensor 46 whose electrical 
output is supplied to a differential amplifier 44. The lat- 
ter provides an electrical output whose amplitude is a 
1 0 function of the difference between the outputs of the 
two photosensors. It is the output of amplifier 44, 
which controls the intensity of recording in an optical 
recorder or display 50. The latter may assume the form 
of an oscilloscope in which the output of amplifier 44 
controls beam intensity. The output of recorder 50 is 
in essence a photograph similar to that of photograph 
30 except for increased resolution or alternately stated 
one in which defocusing has been either completely 
2 Q eliminated or substantially reduced. 

In practice the pinhole 41 is made as small as possi- 
ble, while the radius of aperture 45 is preferably made 
“tuneable," so that it can be adjusted to equal the ra- 
dius of the blur circle which is the response of a defo- 
25 cused optical system to a point source of light. 


G,.(p) = Kulc,, - J,(2nr'p)l2irr'p\ 

( 30 ) 

A graphical interpretation of this analysis and the re- 
sulting filter is shown in FIGS. 5 a, Sb and 5c, which re- 
spectively represent the transfer functions of a pinhole, 
a circular aperture and the filter formed by the combi- 
nation of the two. In FIG. 5c, the dashed line represents 
the Fourier transform F'(p) of the ideal filter as ex- 
pressed in equation (27). 

As seen from FIG. 5c, G,.(p), i.e., the filter transfer 
function has the characteristics of a high-pass filter as 
indicated by line 20 in FIG. 5c. It should thus be appre- 
ciated that such a filter can indeed compensate at least 
approximately for the following characteristics of the 
defocused optical system as shown in FIG. 4 wherein 
the falling off characteristic is represented by line 22. 
The resulting transfer function H' h (p) is shown in FIG. 
5 d. 

It should be noted that with the practical filter cor- 
rection is accomplished for spatial frequencies up to 
ft=arg (J i=0) which is the defraction limit frequency, 
while if the theoretical filter were used it would com- 
pensate the system for all spatial frequencies. This is 
analogous to the case of a realizable electrical network, 
where approximate compensation can be achieved up 
to a certain predictability limit. 

It should be pointed out that optimum compensation 
is achieved if the radius of the circular aperture which 
controls ft' in FIG. 5b is chosen to be equal to the ra- 
dius of the blur circle which controls ft in FIG. 4. That 
is it is desirable to make ft = ft'. 

The manner in which the aforedescribed filter is im- 
plemented and used may best be described in connec- 
tion with FIG. 6. Therein, numeral 30 designates a de- 
focused optical record such as defocused photograph 
of a scene. This photograph is scanned by light from a 
light scanner 32 such as a flying spot scanner, with the 
light passing through each scanned area of photograph 
30 being directed to a light beam splitter 34. Therefrom 
the light is directed separately to two filter elements 35 


LATERALLY SHIFTED MODULATION 
TRANSFER 

FUNCTION AND CORRECTION FILTER 

30 Attention is now directed to FIG. 7 a which is similar 
to FIG. 3 a and which is a schematic diagram useful in 
explaining lateral shift. Therein, the point source 15 
and the input plane 10 is emerged by means of the lens 
35 system 12 in the image plane 14 which is also the focal 
plane. However, due to a lateral movement of the lens 
system 12 , a double exposed copy of the input with a 
shift in the y direction is recorded in the form of two 
laterally disposed points 51 and 52. To evaluate the 
40 modulation transfer function for this laterally shifted 
optical system, first let the intensity of the input be de- 
scribed by equation (13). Then after two exposures, 
the intensity distribution of the double image of the 
input in the image plane will be 

p(x,y) = [S(x, >’+>'„) + 8(x,y— y„)] (BJ2) 

(31 ) 

where the distance 2_y„ is the separation of the double 
image. Note that the shifting property of an impulse 
50 function is expressed as 

§_ a f(y)Ky-a)dy=f(a). (32 ^ 


55 Therefore, applying the definition of equation (5), the 
modulation transfer function of the laterally shifted op- 
tical system is 


1 r CD r CO 

60 #(«„ “y)=2 l 4 ( x i V + Vo) 


+ «(*, 


y — y o ) ] «~ 2,i ( “« x+ “> y) dxdy = 


j2x»*o w y -|_ f>)2ryou y 
2 


( 33 ) 

65 


or 



9 

Hi ajj.,io„) = cos 2-jry„a>„ . 
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( 34 ) 

From equation (6) and since H(ojj.=0, (o„=0)=l, the 
normalized modulation transfer function H„(aij.,(ti u ) for s 
the laterally shifted system is identical to H((Dj.,<x j„) of 
equation (34). The plot of the modulation transfer 
function is shown in FIG. lb. Note that again in the 
case of coherent light the transfer function goes nega- 
tive, whereas with incoherent light (the common case) io 
the phase information is lost and only the intensity in- 
formation is detectable. The plot also shows that some 
spatial frequency information gets attenuated. Further- 
more, the zeros of the response depends upon the sepa- 
ration distance, 2y„, of the double image. 15 

Based on equation ( J 2 ) it should thus be appreciated 
that the transfer function of the required filter is the re- 
ciprocal of H{a> in equation (34) and therefore 
can be expressed as 

/ r i„(to r ,cu„) = l/cos2y„a>„ 

( 35 ) 

Using the synthesis technique herebefore employed 
in connection with filter 40 (see FIG. 6) it can be 25 
shown that the transfer function expressed in equation 
35 is approximated by a filter having a first element 
with a pinhole and a second clement with two pinholes 
spaced apart a distance related to 2y n in FIG. 7a. As be- 
fore, the combination of the two is a filter transfer func- 30 
tion 

C>, (<iv,<o u ) = r,[c,— cos27ry'&)„] 

( 36 ) 

where c, t, is the transmission value of the single pin- 35 
hole clement, t, is the transmission value of the element 
with two pinholes, and c, is greater than unity. Such a 
filter, when combined with the laterally displaced opti- 
cal system, provides substantial correction for the lat- 
eral displacement. 40 

In practice the filter, designated by numeral 60 in 
FIG. 9, is in filter 60, a filter element 62 with two 
spaced pinholes 63 and 64 replace element 36 of filter 
40. Preferably the spacing 2y' between pinholes 63 and 
64 is made a variable to relate to the spacing 2y„ be- 45 
tween double exposed points 51 and 52, shown in FIG. 
la. 

MODULATION TRANSFER FUNCTION FOR RING 
SMEARING AND CORRECTIVE FILTER 50 

Ring smearing occurs when lens system 12 (see FIG. 
10a) is moved in a circular path during exposure so that 
the point source 15 at the input plane 10 is smeared 
into a circle 70 at the image plane 14 which is also the 55 
focal plane. 

Let the input intensity function be a point with unit 
strength, so that h(.r,y)=5(x,y)=h'(r,<£). The intensity 
function in the image plane will be p(r,(£)=5(rw„), in- 
dependent of <f> as shown in FIG. 10a. As with the cases 6() 
of the defocused and laterally shifted transfer func- 
tions, the modulation transfer function of the ring 
smearing optical system can be calculated as follows: 

H'(p)=Jj' (3?) 65 


H'(p) = P" J|_ r °6(r — r 0 )c _2Ti eos rdrdq>. 


From equation (32). equation (38) becomes 



c - 2 *i r of cos (*-*■> r 0 dij> — 2jrrodo(2irr 0 p ) . 

(39) 


Since H'(fx=0)=2iTr u , from equation (6) the normal- 
ized modulation transfer function of the ring smearing 
optical system becomes 

H'„ip) = J«(2nr„p). 


( 40 ) 

The plot of the modulation transfer function is shown 
in FIG. lOh. Note that again for coherent light the 
transfer function goes negative whereas for incoherent 
light the phase information is lost and only intensity in- 
formation is detectable. The plot shows that ring 
smearing acts as a lowpass filter, as in the case of un- 
sharp focus. The zeros of the response transfer function 
depend on r„. 

From equations (12) and (39), it is seen that the 
transfer function from the required filter is 

F',.*(p) = \H2TTrJ„{2rrr u p)]. 


(41 ) 


This transfer function may be approximated by a fil- 
ter which has one filter element with a pinhole of trans- 
mission value kyC 2 and a second filter element with a 
ring-shaped aperture of an inner radius r' of transmis- 
sion ( 2 . The transfer function of this filter may be ex- 
pressed as 

ip) = k-, = [ C) J o ilur'p) ] 

( 42 ) 

where k.f=t 2 2nr\ and c-, is a constant related to the pin- 
hole. 

The transfer function of such a filter is diagrammed 
in FIG. 1 1 wherein the dashed line represents the re- 
sponse of the pinhole and the solid line 71 the overall 
filter response. Basically, the implemented filter is simi- 
lar to filter 40 (see FIG. 6) except that filter element 
36 of filter 40 is replaced by a filter element 76 shown 
in plain view in FIG. 12. Element 76 defines a ring- 
shaped aperture of inner radius r ' . The ring thickness 
represented by the difference between the outer and 
inner radii is preferably adjustable for different magni- 
tudes of ring smears. 

LINEARLY SMEARED MODULATION TRANSFER 
FUNCTION AND CORRECTIVE FILTER 

Linear smearing occurs when there is relative motion 
between the object and the lens system during expo- 
sure. This effect is shown in FIG. 13a and can be de- 
scribed as follows: The point source 15 is imaged by 
means of lens system 12 in the image plane 14. How- 
ever, the relative motion of uniform velocity v causes 
the point to be smeared out a length 2L=vt along the 
y direction. Thus, the new image intensity distribution 
in the image plane can be written as 


p(x, y) = 


\h\v\<L 

\0\y\>L 


or 


(43) 
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where /,, is in lumens per meter. To evaluate the modu- 
lation transfer function of the linearly smeared optical 
system by equation (5), first observe that this is essen- 
tially a one-dimensional problem, and then for conve- 
nience let /?„ be unit strength; we obtain from equation 
(5) 

H(„„ -,) 

(44) 

From equation (6) and since //(<o r =0,<o„=0)=2L/„, the 
normalized modulation transfer function for 

the linearly smeared optical system is 

= sin2irL<o u /27rLtt) tl . 

( 45 ) 

The plot of the modulation transfer function is shown 
in FIG. 136. Note that as in other cases, for coherent 
light the transfer function goes negative whereas for in- 
coherent light the phase information is lost and only in- 
tensity information is detectable. The plot shows that 
linear smearing acts as a lowpass filter, as in the case 
of unsharp focus and ring smearing. The zeros of the 
response function depend on L. 

From equations (12) and (45) it is seen that the 
transfer function of the ideal or theoretical corrective 
filter is 

F/;.,(ci>.r,fc) u ) = ( l/2L/«) (lirLcoJsm 2ttIm u ) . 

( 46 ) 

This theoretical filter may be synthesized into a prac- 
tical filter with a pinhole in one element and a second 
element with a rectangularly-shaped aperture of length 
2 L'. The transfer function of such a filter may be ex- 
pressed as 

F r (u)j.,b) u ) = Ac 3 [c :j — (sin 2tt L'<dJ2itL' a>„) ], 

( 47 ) 

where k^=t ;l 2L'I„, 2 L' is the length of the rectangularly 
shaped aperture, /„ is in lumens per meter, is a con- 
stant greater than one and t 3 is the transmission value 
of the rectangularly shaped aperture. 

The transfer function of such a filter is shown in FIG. 
14 wherein the dahsed line represents the response of 
the pinhole and line 80 the total filter response. In prac- 
tice, the corrective filter is similar to filter 40 (see FIG. 
6) except that filter element 36 is replaced by a filter 
element 82 (see FIG. 15) with a rectangularly-shaped 
aperture of length 2 L'. The length of the filter is adjust- 
able to equal the smear length 2 L (see FIG. 13a). The 
width of the aperture 82 should be made adjustable so 
that optimum compensation of various degrees of lin- 
ear smears can be achieved. 

From the foregoing it is thus seen that common to all 
four filters herebefore described is one element with a 
pinhole. Each filter includes a second element whose 
aperture geometry depends on the particular defect 
which is to be corrected. To correct unsharpness the 
second filter element includes circular aperture. A 
laterally-shifted, double exposure picture is correctable 
by a filter whose second element defines two pinholes, 
while ring smearing can be corrected by a second filter 
element with a ring-shaped aperture. Likewise linear 
smear can be corrected by a filter with a second ele- 
ment which defines a rectangularly shaped aperture. 


The foregoing teachings may be generalized for cor- 
rective filters for other phenomena which causes re- 
duction or loss of resolution. Basically each filter in- 
cludes a first filter element with a pinhole aperture 
5 through which light from the scanned low resolution 
photograph. In addition the filter includes a second ele- 
ment with an aperture configuration which has a trans- 
fer function substantially similar to that of the low reso- 
lution optical system to be corrected. By subtracting 
10 the transfer function of the aperture of the second ele- 
ment from the pinhole, a transfer function which is ef- 
fectively the reciprocal of the low resolution system to 
be corrected is produced. As previously pointed out, 
such a transfer function is required for optimum cor- 
15 rection. 

Although herebefore each filter has been described 
as comprising two separate elements, it should be ap- 
parent that when possible one element can be used as 
long as it defines a pinhole aperture and the other re- 
20 quired aperture and the light passing through the two 
is effectively subtracted as herebefore taught. 

Although particular embodiments of the invention 
have been described and illustrated herein, it is recog- 
nized that modifications and variations may readily 
25 occur to those skilled in the art and consequently it is 
intended that the claims be interpreted to cover such 
modifications and equivalents. 

What is claimed is: 

1. An optical system comprising: 

30 a photographic record of a scene; 

light source means for scanning said record; 

filter means for receiving light from said scanned re- 
cord, said filter means defining a pinhole aperture 
characterized by a substantially constant Fourier 
35 transform in response to a unit impulse of light and 
at least one other aperture whose configuration is 
a function of the characteristics of said scene re- 
cord with light from said scanned record passing 
through said pinhole aperture and said other aper- 
40 ture; and 

means for providing an output which is a function of 
the difference of the light passing through said pin- 
hole aperture and said other aperture, said record 
being of low resolution due to scene double expo- 
45 sure and said at least one other aperture compris- 
ing a pair of pinholes spaced a distance related to 
said double exposure. 

2. The system as recited in claim 1 wherein said filter 
comprises a first filter element defining said pinhole ap- 
erture and a second filter element defining said pair of 
pinholes. 

3. An optical system comprising: 

a photographic record of a scene; 

55 light source means for scanning said record; 

filter means for receiving light from said scanned re- 
cord, said filter means defining a pinhole aperture 
characterized by a substantially constant Fourier 
transform in response to a unit impulse of light and 
at least one other aperture whose configuration is 
a function of the characteristics of said scene re- 
cord with light from said scanned record passing 
through said pinhole aperture and said other aper- 
ture; and 

65 means for providing an output which is a function of 
the difference of the light passing through said pin- 
hole aperture and said other aperture, said record 
being of low resolution due to linear smear and said 



3,883,436 


13 

• at least one other aperture being rectangularly 
shaped. 

4. The system as recited in claim 3 wherein said filter 
comprises a first filter element defining said pinhole ap- 
erture and a second filter element defining said rectan- 
gularly-shaped aperture. 

5. A system for correcting the content of a scene pho- 
tographically recorded on an optical record of low res- 
olution by an optical system having a determinable 
modulation transfer function, which is other than unity, 
the system comprising: 

light scanning means for scanning the scene recorded 
on said optical record, with the light from said 
scanned scene being directed in a selected direc- 
tion; 

a filter in said selected direction for passing the light 
in said direction therethrough, said filter being 
characterized by a modulation transfer function 
which is related to the modulation transfer function 
of said optical system with which said scene was re- 
corded, said filter defining a pinhole aperture 
through which light from said scanned scene is 
transmitted and at least one other aperture through 
which light from said scanned area is transmitted; 
and 

output means for providing an output which is a func- 
tion of the light transmitted through said pinhole 
aperture and said at least one other aperture, 
wherein said at least one other aperture consists of 
a pair of spaced adjustable pinholes. 

6. A system for correcting the content of a scene pho- 
tographically recorded on an optical record of low res- 
olution by an optical system having a determinable 
modulation transfer function, which is other than unity, 
the system comprising: 

light scanning means for scanning the scene recorded 
on said optical record, with the light from said 
scanned scene being directed in a selected direc- 
tion; 

a filter in said selected direction for passing the light 
in said direction therethrough, said filter being 
characterized by a modulation transfer function 
which is related to the modulation transfer function 
of said optical system with which said scene was re- 
corded, said filter defining a pinhole aperture 
through which light from said scanned scene is 
transmitted and at least one other aperture through 
which light from said scanned area is transmitted; 
and 

output means for providing an output which is a func- 
tion of the light transmitted through said pinhole 
aperture and said at least one other aperture, 
wherein said at least one other aperture is a single 
rectangularly-shaped aperture of adjustable width. 

7. A system for correcting the content of a scene pho- 
tographically recorded on an optical record of low res- 
olution by an optical system having a determinable 
modulation transfer function, which is other than unity, 
the system comprising: 

light scanning means for scanning the scene recorded 
on said optical record, with the light from said 
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scanned scene being directed in a selected direc- 
tion; 

a filter in said selected direction for passing the light 
in said direction therethrough, said filter being 
S characterized by a modulation transfer function 
which is related to the modulation transfer function 
of said optical system with which said scene was re- 
corded, said filter defining a pinhole aperture 
through which light from said scanned scene is 
10 transmitted and at least one other aperture through 
which light from said scanned area is transmitted; 
and 

output means for providing an output which is a func- 
tion of the light transmitted through said pinhole 
15 aperture and said at least one other aperture, said 
filter comprising a first filter element defining said 
pinhole aperture, a second filter element defining 
said at least one other aperture, means for directing 
light from said optical record to said first and sec- 
20 ond filter elements, said output means comprise 
differencing means for providing said output as a 
function of the difference between the light trans- 
mitted through said pinhole aperture and said at 
least one other aperture, and wherein said at least 
25 one other aperture consists of a pair of spaced ad- 
justable pinholes. 

8. A system for correcting the content of a scene pho- 
tographically recorded on an optical record of low res- 
olution by an optical system having a determinable 
30 modulation transfer function, which is other than unity, 
the system comprising: 

light scanning means for scanning the scene recorded 
on said optical record, with the light from said 
scanned scene being directed in a selected direc- 
35 tion; 

a filter in said selected direction for passing the light 
in said direction therethrough, said filter being 
characterized by a modulation transfer function 
which is related to the modulation transfer function 
40 of said optical system with which said scene was re- 
corded, said filter defining a pinhole aperture 
through which light from said scanned scene is 
transmitted and at least one other aperture through 
which light from said scanned area is transmitted; 
45 and 

output means for providing an output which is a func- 
tion of the light transmitted through said pinhole 
aperture and said at least one other aperture, 
wherein said filter comprises a first filter element 

50 defining said pinhole aperture, a second filter ele- 

ment defining said at least one other aperture, 
means for directing light from said optical record 
to said first and second filter elements, wherein 
said output means comprise differencing means for 
55 providing said output as a function of the differ- 
ence between the light transmitted through said 
pinhole aperture and said at least one other aper- 
ture, and wherein said at least one other aperture 
is a single rectangularly-shaped aperture of adjust- 
60 able width. 

***** 
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